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ABSTRACT 


Uptake of Se oon teuorans a potent auxinic herbicide, from culture 
solution by intact roots of alfalfa and barley seedlings was investi- 


gated using radiotracer techniques. 


Time-course studies indicated that alfalfa and barley have 
Similar absorption patterns consisting of rapid initial uptake, 


lasting for 1 to 2 hr, followed by continuing absorption occurring at 


iv 


a lower, nearly constant rate for the remainder of a 12-hour treatment 


period. At pH values less than the pK of picloram, uptake of the acid 


was substantially increased. 


Initial uptake was not significantly reduced by respiratory 
inhibitors, whereas continuing absorption was markedly depressed. 
Qi values for the first hour of uptake were 1.4 for alfalfa and 1.0 
for barley, whereas for periods exceeding 2 hr, Q10 values were 
consistently greater than 2.0. Evidently, uptake during the initial 


phase of entry is governed by passive processes, while continuing 


absorption is controlled, at least in part, by active mechanisms. 


Rapid release of much of the picloram initially taken up by 
alfalfa and barley roots o unlabelled nutrient solution suggests 
that diffusion is the principal means of passive absorption. 
Limited uptake under dark conditions and enhanced uptake in the 
presence of sucrose indicate that active absorption is dependent 
on energy derived from carbohydrates and other energy substrates 
formed during photosynthesis. Externally applied ATP, however, 


did not stimulate uptake significantly. 
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The results of inhibitor studies suggest that picloram absorption 
by alfalfa plants is more dependent on a supply of metabolic energy 
than is uptake by barley plants. In most instances, total accumulation 
of picloram was markedly greater in alfalfa plants than in barley 
plants of nearly equivalent mass, which may partially account for the 
difference in susceptibility of alfalfa (sensitive) and barley 


(tolerant) to the herbicide. 


Decidedly, uptake and transport of picloram involves both a 
strong physical diffusion component as well as associated metabolic 
processes. The relative importance of the two means of entry and 


movement within plants apparently varies between species. 
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INTRODUCTION 


The characteristics of absorption and translocation of soil- 
applied herbicides vary considerably and are dependent on inherent 
factors of the plant as well as on certain conditions of the environ- 
ment. Current evidence indicates that both passive and active 
processes are involved in the uptake and movement of a number of 
Synthetic growth regulators by plant roots (45, 65, 73, 110). 

Passive processes occur spontaneously whereas active processes 


require the expenditure of metabolic energy. 


Picloram is a potent auxinic herbicide which has proven to be 
very effective for the control of deep-rooted perennial weeds. In 
general, broad-leaf plants are quite susceptible to the chemical 
whereas grasses are resistant. Picloram is rapidly translocated 
following einer LOOtrOrs foliar application (5, 24, 77, 84). It is 
not readily metabolized in plants and is not subject to rapid 


degradation by soil microorganisms (39, 52, 62, 84, 86). 


In many respects the effects of picloram on plants resemble the 
effects of 2,4-D. Herbicidal dosages of both compounds induce similar 
growth aberrations including distortion of stems, inhibition of apical 
growth, and formation of ee avn aee roots. (24, 285-39) .02).,, Although 
the primary mode of action is unknown, various investigators have 
reported that picloram causes disruption of chloroplast structure, 
loosening of cell walls, increased RNA and protein synthesis, and un- 
coupling of the processes involved in the formation of high energy phos- 


phorylated compounds essential for normal cellular metabolism 
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Much of what is known about the mechanisms involved in picloram 
absorption has been obtained from studies conducted with excised 
roots and various other plant tissues (6, 78, 86, 97). Accordingly, 
a study of the factors which affect absorption and translocation of 
picloram by intact roots of alfaifa (susceptible) and barley 
(resistant) plants was undertaken. The objectives of the study were 
to characterize the general features of picloram absorption from 
culture solution by two species of differing susceptibility to the 
herbicide, and to determine to what extent passive and/or active 


mechanisms are involved in the uptake of picloram by intact roots. 
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LITERATURE REVIEW 


The mechanisms involved in the absorption and long-distance 
transport of solutes by roots have been extensively studied for several 
decades and the topic has been reviewed in a number of articles 
(2, 11, 26, 53, 56, 58) .69,96). Much evidence has accumulated 
confirming that, in addition to a number of passive processes, active 
processes requiring the expenditure of metabolic energy play an 
important role in the absorption and subsequent translocation of 
solutes by plant roots. Although much effort has been directed 
towards the study of mechanisms of solute absorption and transport, 


an unequivocal description of the process has not been forthcoming. 


A number of physical mechanisms are involved in the uptake of 
solutes by roots, including adsorption, diffusion, and mass flow. 
These are considered passive processes, for they occur spontaneously 
and do not require the expenditure of energy. Active processes, on 
the other hand, must utilize energy provided by aerobically respiring 
cells. Both active and passive processes are usually explained in 
terms of structural characteristics of the root, although relationships 
between root structure and solute absorption are still not clearly 


understood. 
Structural characteristics of roots 


Roots are structurally complex organs specialized for absorbing 
water and nutrients from the soil. The outermost layer is the epidermis, 
consisting of compact, thin-walled cells some of which undergo morpho- 


logical transformations to become root hairs. The epidermis is free of 
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intercellular spaces. The cortex lies beneath the zniernte and is 
composed of loosely arranged parenchyma cells arranged in partially 
disturbed concentric circles and interspersed with numerous inter- 

cellular spaces. Separating the central cylinder or stele from the 


cortical tissue is the endodermis. 


The endodermis forms a sheath of one layer of cells around the 
central cylinder and is, like the epidermis, completely free of inter- 
cellular spaces. In the primary state the endodermal wall contains 
suberin in a band-like structure extending completely around the cell 
within the radial and transverse walls, thereby forming a ring 
around each cell. The eS ie system of rings running from 
cell to cell throughout the entire endodermal sheath is known as the 
Casparian strip. With maturity, the endodermis develops thick secondary 
walls which typically consist of a suberin lamella covered by layers 
of lignified cellulose. The formation of the secondary walls may be 
delayed in the endodermal cells opposite the xylem. Such thin-walled 
cells in an otherwise Pier ewa lied endodermis are called passage cells. 
The suberized portions of the endodermis are considered to be im- 
permeable to the passage of water and solutes into the stele by dif- 


fusion or mass flow; the significance of this will be discussed later. 


The center of the stele consists of a vascular core with primary 
xylem as the central tissue with strands of phloem alternating with 
xylem ridges. If xylem does not differentiate in the center of the 
root, a pith consisting of parenchyma or sclerenchyma cells is 
present. Frequently, the roots of monocotyledonous species contain a 


pith encircled by a ring of xylem vessels. 
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Radial movement of solutes through roots may occur either in the 
living (symplast) or non-living (apoplast) portion of a root. According 
to Salisbury and Ross (83), these terms were introduced by Munch in 
1932, with symplast designated as the sum total of interconnecting 
living protoplast of the plant, and apoplast referring to the re- 
maining system of non-living, interconnected cell walls and inter- 
cellular spaces including the water-filled (or air-filled) xylem ele- 
ments. Most probably, solutes migrate over long distances first 
through the free space and after having overcome a physiological 
barrier, presumably the plasmalemma of the cortical cells, continue 


to move through the symplast. 


The free eae been described by Laties (53) as that part of 
a plant tissue which is in free diffusion communication with the 
environment without permeation barriers. Quite probably the free 
space, or more specifically the apparent free space of roots, consists 
of cell walls and the intercellular spaces of the epidermis and 
cortex, and is approximately but not exactly, equal to the apoplast. 
The apparent free space has been further subdivided into water free 
space (WFS) and Donnan free space (DFS) (11, 69). The WFS is, in 
essence, an extension of the environment into which solutes can move 
in accord with diffusion pa veerantons such that they attain the same 
concentration as in the external solution. The DFS, however, contains 
a high concentration of fixed negative charges attributed to the un- 
methylated carboxyl groups of various pectic substances in cell walls 


which affect the final concentration of solutes in that region. 


Current evidence indicates that the barrier to free diffusion of 
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ions into root cells is located at the plasmalemma (38, 69, 71, 83). 
This, in turn, means that the principal barrier to diffusion and mass 
flow of water and solutes through the free space is in all likelihood 
the Casparian strip of the endodermis (4, 23, 83, 112). Under these 
conditions, passive movement of substances from the cortex to the 
stele of young roots would occur only by Donnan exchange phenomena, 
changes in permeability of the plasmalemma or as a result of breaks 


in the Casparian strip or endodermis. 


Dumbroff and Peirson (23) have reported that a significant number of 
sites are available that may favor passive transport of ions into the 
root xylem. As branch initials develop, suberin deposition apparently 
does not keep pace with cell division or cell growth. Many branches 
observed at this stage appeared to show direct pathways for mass 


flow along the cell walls from parent cortex to parent xylem. 


Although some investigators have maintained that the only course 
of movement of solutes through mature endodermis is via the passage 
cells (69), more recent Bee ad indicates that these cells make little 
more than a minor contribution to the transport of water and solutes 
into the stele (15). Indeed, protoplasmic connection appears to be 
maintained between the cortex and the pericycle by plasmodesmata 
throughout progressive development of the endodermis (15, 16, 17). 
Plasmodesmata are now considered to be the principal channels of 


solute movement into the stele. 


Metabolic coupling of active transport 


Energy for active solute transport in plants may be derived either 
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directly from high-energy phosphorylated compounds such as adenosine 
triphosphate (ATP) or by linkage to electron transport processes. 
Some investigators have concluded that uptake of anions is coupled 
directly to the aleeteon transport system and that cations follow 
passively along an electrical potential gradient (34, 58). From 
studies with giant algal cells, MacRobbie (61) suggested that anion 
uptake was linked to the electron transport chain whereas cation 
absorption was powered by ATP. Considerable evidence for the role of 
an adenosine triphosphatase (and therer ore ATP) in energy dependent 
Eransport of lons has recently been reported (30, 31, 36, 37, 57, 85). 
Fisher and Hodges (31) and others (30, 57) have isolated a membrane- 
bound, monovalent jion-stimulated ATP-ase in oat and corn roots which 
appears to have sufficient activity to account for observed rates of 


ion transport. 


The actual mechanism(s) of active solute transfer across the 
plasmalemma and subsequent long distance transport through the symplast 
to vascular tissue is unknown. A number of theories, mostly pertaining 
to transport of mineral nutrient ions, have been proposed which could 


conceivably be applied to the uptake of organic compounds as well. 


Transport across cell membranes 


A widely accepted concept of ion transport across the plasmalemma 
is that a mobile eae molecule binds the ion at the external 
interface of a membrane by adsorption, exchange adsorption, or chemical 
combination, and then migrates to the opposite interface as an ion- 


complex whereupon the ion is released into the internal solution 
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7. 96). Accumulation of ions behind a physiological barrier by 
means of carriers is considered to be an active process dependent on 
metabolic energy. The existence of ion carriers in biology has re- 
mained largely tell coir et although quite recently certain naturally- 
occurring substances have been directly implicated in ion transport 


across membranes (55). 


According to the anion-respiration theory developed by 
Lundegardh (58), a direct relation exists between salt repiration 
and ion transport across membranes. Anions are assumed to be ac- 
cumulated by moving in the opposite direction to that of the electrons 
moving along the cytochrome chain of the oxidative phosphorylation 
process. Cations are thought to be absorbed passively along 
"adsorption tracks’ under the influence of an electrical gradient 


created by the absorption of anions. 


Hall (38) has recently proposed that the mechanism of ion 
transport in root cells involves invagination of the plasmalemma 
and the uptake of ions in small vesicles which later dissolve re- 
leasing their contents to the cytoplasm. An active process involving 
ATP which is utilized by an active ATP-ase system located in the 
plasmalemma and vesicular membrane is suggested to regulate this 


mechanism. 


Although adsorption per se is a physical phenomenon, some in- 
vestigators have speculated that metabolic energy may be required to 
maintain the integrity of adsorptive sites on membranes and other 


root surfaces (22, 90, 96, 110). Sutcliffe (96) suggested that 
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continuous uptake by adsorption can be linked with metabolism either 
through synthesis of new adsorptive sites during growth, or by 
vacation Of sites as a result of metabolic utilization of the adsorbed 
compound. Studies conducted by Shone and Barber (90) have indicated 
the presence of metabolically maintained positive sites in barley 


roots which would facilitate anion absorption. 
Radial transport of solutes in roots 


According to the most often cited Crafts~-Broyer Theory (19, 27, 83) 
of radial salt transport in shoots, salt is actively accumulated in the 
cytoplasm of cortical cells and subsequently moves inward principally 
by diffusion to the stele where it leaks out of the stelar parenchyma 
cells into the xylem. In this "one pump" model, transport across the 
plasmalemma is considered to be the only metabolically mediated event; 
the subsequent movement of ions to the vascular tissue is deemed to 
be passive. The observations of Laties and Budd (54) that the cells 
of the stele are both leaky and ineffective in salt absorption 
strengthen this theory. Some controversy exists, however, whether 
salts passively leak into the xylem or whether they are actively 


secreted into. the vascular ‘tissue’ ¢111, 112). 


Some investigators have proposed that the endodermis may actively 
secrete salt into the stele (2, 96) whereas others have suggested that 
stelar parenchyma cells are involved in active secretion of salt into 
the xylem (53, 111). A view that two active mechanisms of transport 
are involved in ion transport to the shoot has recently been expounded 


by Pitman (71). In his “two pump" hypothesis a second active transport 
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process, additional to active transfer of ions across the plasma 
membrane of the cortical cells, is purported to actively secrete ions 


into the xylem. 
localization of solutes im roots 


Microautoradiographic techniques have been used with some success 
to elucidate the transverse pathway of solute movement through roots. 
From studies showing heavy accumulation of oe in the cell layers 
adjacent to the endodermis in pea roots treated for 3 hr in a "FeCl, 
solution, Branton and Jacobson (10) concluded that iron must accumulate 
in root parenchyma cells before release to the xylem occurs. Biddulph 

ee4S 35 
(7) speculated that Ca and S follow different routes through 
cortical tissue of intact bean roots. After one hour and fifteen 
3 45 : J 35 
minutes Ca was most evident in cell walls, whereas S was more 
evenly distributed throughout the cells. Furthermore, the endodermis 


did not appear to be a barrier to inward movement of oe butssteniti= 


cantly impeded movement of 526 into the stele. 


Strang and Rogers (94) concluded that radial movement of diuron 
in cotton and soybean roots is limited to the apoplast, since sections 
of roots treated with Lsaigete ieee showed a general diffuse labelling 
throughout the walls of the cortical cells. Donaldson (22) observed 
a similar distribution of radioactivity in barley roots treated with 
either bere aeciec or Sot aron High concentrations of root- 
absorbed perm Meri on the other hand, appeared to be adsorbed to the 
outer edge of the epidermis while very little accumulated in the rest 


14 
of the tissue. Similarly, Strang and Rogers (95) showed that ~ C- 
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trifluralin was tenaciously adsorbed or bound to the epidermis of both 

cotton and soybean roots. Breaks in the epidermis appeared to facilitate 
14 : ; 2 : : 
C-trifluralin entry into the cortical tissue, however, the endodermis 


appeared to act as a barrier to movement of the herbicide into the 


stele. 


Uptake and transport of growth regulators and herbicides 


In comparison with investigations on nutrient ion absorption, the 
uptake of organic molecules by plant tissues has not been studied 
extensively. The early work of Crafts and his associates (20, 110) 
provided much information on the relative amounts of absorption and 
the comparative mobility of many growth regulators in a number of 
plant species. Since Crafts' utilization of the autoradiographic 
technique a great many similar investigations concerning root uptake 
and nirnaadle rt Rice of herbicides have been undertaken (33, 67, 88, 92, 
107). Until recently, however, little attention has been paid to the 
actual mechanisms of absorption of growth regulators and herbicides 
by plants or to the factors which affect uptake and transport in plant 


tissues. 


Absorption of a number of growth regulators into plant tissues 
has been shown to occur in two phases: an initial rapid uptake followed 
by metabolically mediated continuing absorption at a lower rate 
(50, 72, 79). Moody et al. (65) reported that the uptake of a number 
of herbicides including atrazine, chlorpropham, linuron and EPTC was 
initially very rapid, followed by a much slower uptake, the rate of 


which generally decreased as time increased. A similar study 
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conducted by Vostral et al. (106) showed that uptake of atrazine by 
roots was rapid during the first 30 minutes, at least tenfold greater 
than the subsequent uptake which was maintained at a uniform rate for 


2 cpmainites 


Physical absorption processes are assumed to be completed rela- 
tively rapidly, whereas the period of metabolic absorption can be 
prolonged. Initial passive absorption is considered to be reversible 
whereas seotoudaa metabolic absorption processes are deemed irreversible. 
Johnson and Bonner (50) and others (22, 73, 82) have shown that a 
major proportion of an organic compound taken up in the initial phase 
is readily exchangeable, and that the amount which is exchangeable 
after longer periods of absorption is approximately equal to the 
amount initially absorbed. Solutes which move into the WFS by 
diffusion are ‘readily lost upon transfer of the tissue to water. 
Those held in the DFS by adsorption are not lost on placing the 
tissue in water, but can be removed through exchange by placing it 
in a solution of a similar solute. Tames and Hance (99) and others 
(22, 91, 110) have suggested that, in some cases, adsorption may be 


a significant pathway for herbicide uptake by roots. 


Factors affecting absorption and translocation 


Lae pil 

The pH of the ambient solution exerts a marked effect on the 
absorption of many herbicides and growth regulators (22, 45, 79, 97, 
110), although the influence of pH on the uptake of some compounds 
such as monuron is negligible (22). Reduced pH usually results in a 


greater uptake. According to Yamaguchi (320) Landsotherse(225.64594 
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absorption of organic compounds is greatest when the molecules are 
in the undissociated form, presumably due to the fact that the 
uncharged molecules are more readily able to approach the negatively 


charged cellulosic and membrane surfaces. 


2. External concentration 

If diffusion and/or mass flow are the only absorptive mechanisms 
involved, uptake of a compound tends to be directly proportional to 
the concentration in the external solution. Lack of saturation effects 
in a concentration series is characteristic of entry by passive 
processes. However, if adsorption or an active process is the means 
whereby absorption occurs, the relationship between uptake and 


external concentration is generally hyperbolic in nature. 


Prasad and Blackman (73) showed that initial rapid aici of 
dalapon by ae of Lemna minor was linearly related to external con- 
centration. Similarly, Vostral et al. (106) recently demonstrated 
that atrazine uptake by soybeans was essentially linear over a con- 
centration range of 0.02 to 0.08 mM, roughly paralleling water 
absorption. Donaldson (22) reported that total uptake of 2,4-D by 
barley roots treated for 1/2 and 4 hr leveled off as external 2,4-D 
concentration was increased, whereas total accumulation of monuron 
remained linearly proportional to the external concentration. Follow- 
up experiments revealed that 2,4-D was apparently tenaciously adsorbed 


onto the root surface. 


Accumulation of solutes against a concentration gradient is 
presumed to require metabolic energy and is often used as a criterion 


for active root absorption. Many plant physiologists have recorded 
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accumulation of auxinic substances in plant tissues in excess of 
ambient concentrations'’.(50, 72, 110). Similar results have been 


reported for a number of herbicides (65, 84). 


Accumulation ratios, described as the concentration within a 
root/concentration in the external solution, have been derived by 
Moody et al. (64) for uptake of several herbicides by soybean roots. 
Their results showed a range from 1.73 for amiben to 4.95 for linuron 
after only 1 hr, implying rapid metabolic absorption. Nashed and 
Ilnicki (68), however, concluded that the amount of linuron absorbed 
by corn and soybean plants was equal to that contained in the solution 


taken up by the plants, and that uptake appeared to be passive. 


Shone and Wood (91) reported that the concentration of simazine 
in barley roots, measured on a fresh-weight basis, reached a value 
two times that in the BRD tent solution within two hours. However, 
the concentration of simazine in the xylem sap did not attain that 
of the uptake solution. Part of the accumulation was attributed to 


a physical adsorption of the compound on the roots. 


3. Metabolic inhibitors 

Marked reductions in uptake of growth regulators and certain 
herbicides by plant tissues in the presence of metabolic inhibitors 
have been clearly demonstrated (14, 45, 50, 73, 79, 86, 98, 110). 
The initial phase of uptake has been shown to be less sensitive to 
inhibitors than is subsequent active absorption. Prasad and Blackman 
(73), for example, reported that the initial uptake of dalapon by 
roots of Lemma minor was relatively insensitive to 2,4-dinitrophenol, 


whereas the prolonged absorption was retarded or suppressed entirely 
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by 2,4-dinitrophenol, sodium azide and sodium arsenite. 


Reduction of active solute absorption generally occurs over the 
same range of inhibitor concentrations that is required to suppress 
respiration (93, 96). Certain inhibitors of protein synthesis (e.g. 
chloramphenicol) however, may reduce salt absorption without any 
appreciable effect on respiration (96). At lower concentrations, some 
‘inhibitory’ compounds have been shown to stimulate respiration and, 


at the same time, increase solute absorption (14, 40, 45). 


Translocation of some herbicides can be stimulated by the applica- 
tion of certain metabolic inhibitors at concentrations above those 
necessary to reduce respiration (100, 110). Taylor and Warren (100) 
concluded that the major physiological effect resulting in increased 
herbicide translocation following inhibitor application is an altera- 
tion of the ee ee status of membranes involved in the 
retention process, and the greater the tendency of a compound to be 
bound, the more pronounced the increase in translocation will be 


following treatment with a metabolic inhibitor. 


Shone and Wood (91) have recently reported that 2,4-dinitrophenol 
and sodium azide had a considerable inhibiting effect on both the 
total quantity of simazine taken up by intact barley roots and on the 
amount that was transported to the shoots. Since uptake of simazine 
per se is considered to occur by passive processes, the reduced uptake 


was attributed to an observed decrease in the rate of transpiration. 


4. - Temperature 


In general, an increase in temperature, within physiological 
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limits, results in increased absorption of compounds by plant tissues 
as well as enhanced root-to-shoot movement in intact plants (14, 45, 50, 


Ce e006. 7 Ons Ol, 106). 


Total solute absorption, either by plant tissues or by whole 
plants, can be separated into two components. One of these has a 
temperature coefficient (Q3 4) of 1.2 to 1.3, indicating that purely 
physical processes such as diffusion are involved, and the other has 
a Q0 or 2 higher, indicating that metabolic energy is required. 
Temperature coefficients greater than 2 have been recorded for the 
continuing uptake of a number of growth regulators into various plant 
tissues (8, 14, 79, 86). The results of a study conducted by Moody 
et al. (65), however, show hae Qi values for the absorption of 


several herbicides by excised soybean roots were always less than 1.85. 


Vostral 5: al. (106) have reported recently that accumulation of 
atrazine in the roots of intact plants was little affected by lowered 
temperature, while translocation from the roots to the leaves was 
markedly impeded. Similar results have been obtained by Shone and 
Wood (91) who reported that lowering the temperature of the uptake 
solution resulted in a considerable decrease in the total quantity of 
herbicide absorbed coupled with a corresponding reduction in the 
amount of water transpired. Moody et al. (65) concluded from their 
studies, however, that in most instances transpiration had little or 
no direct effect on the rate of herbicide uptake and that root 
temperature per se was much more important than transpiration in 
affecting the rate of uptake of herbicides. Although transpiration 


was shown to increase as temperature increased, herbicide uptake and 
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transpiration were considered to be unrelated. 


Bee piped she 

The effects of light on uptake and translocation of growth 
regulators and herbicides are mainly indirect. Light has effects on 
the structure of leaves and the condition of stomata which may 
indirectly affect solute absorption and movement through enhanced 
transpiration (96). Shone and Wood (91), however, have recently 
concluded that, although reduced uptake of simazine by barley plants 
under low illumination is attributable mainly to a decrease in the 
amount of water transpired, small but significant differences between 
the relative movement of the herbicide and water occur when 


light intensity is varied. 


Energy required for solute absorption is considered to be 
supplied otees through reductive mechanisms associated with photo- 
synthesis or through utilization of carbohydrate reserves in the 
process of oxidative phosphorylation. Yamaguchi (110) has demonstrated 
that by depleting food reserves in bean plants kept in darkness for 
5 days, 2,4-D absorption was considerably reduced. Other studies have 
revealed that when excised roots, non-green plant tissues or photo- 
synthetic organisms in the dark are depleted of carbohydrate reserves, 
solute absorption can be stimulated by an external supply of sugar 


(96 5286): 


6. Anoxia 
The metabolic aspect of absorption of growth regulators has been 


investigated by continuous bubbling of nitrogen through culture 
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solutions as a means of inducing anoxia (14, 72, 110). Considerable 
reduction in uptake of auxinic substances has occurred when oxygen is 
excluded from plant tissues in this manner. Poole and Thimann (72) 
pointed out that initial uptake of IAA by Avena coleoptile sections is 
not significantly reduced in purified nitrogen, although the subsequent 


rate is about one-half that in air. 
Picloram absorption and transport 


The uptake and translocation of picloram by intact plants as 
well as absorption by various excised tissues appear to involve a 
strong physical diffusion component as well as associated metabolic 
processes. The relative importance of the two means of entry and 


movement within plants apparently varies between species. 


Sharma (86) reported that Qi values for uptake of picloram by 
excised plant tissues fell between those normally encountered for 
purely passive processes (Qi 1.0 to 1.3) and active processes (Qi 
2.0 to 3.0). Isensee et al. (45) concluded on the basis of time 
course studies and temperature experiments that metabolic activity 
ae more important in soybeans than in oats, although the overall 
contribution of metabolism in root absorption and translocation Of 


picloram by soybeans was unclear. 


The initial phase of picloram absorption from culture solutions 
by roots of intact plants appears to occur predominantly by passive 
processes. Isensee et al. (45) reported that a linear relationship 
existed between picloram uptake and the concentration of the external 


solution over the first thirty to forty minutes of exposure to the 
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herbicide, suggesting a simple diffusiye entry. Over longer absorption 
periods, however, total accumulation patterns markedly differed for 
different species; accumulation was concentration dependent for oats 


but not for soybeans. 


Scott and Morris (84) reported that the concentration of picloram 
in root tissue exceeded the concentration in the external solution, 
implying that active uptake mechanisms are involved in absorption. 
Others (45, 86) have demonstrated that metabolic inhibitors caused 
marked reductions in the amount of picloram absorbed by both excised 
tissues and intact plants. At the a. time, in intact plants 


6 


dinitrophenol and sodium azide (10 to one M) stimulated transloca- 
tion of picloram to the shoots (45). Sharma (86) observed that 

addition of respiratory substrates to the incubation medium increased 
the amount of ‘_picloram absorbed by excised tissues by 27% while addition 


of eee 


M ATP nearly doubled the uptake. This evidence strongly 
suggests that energy relationships are intimately involved in the 


continuing absorption of picloram. 


Isensee et al. (45) concluded that picloram (pK 4.1) is absorbed 
preferentially in the undissociated form since uptake by oats and 
soybeans was markedly reduced when pH of the treatment solution was 
increased from 3.5 to 4.5. Baur and Bovey (6), however, proposed that 
uptake is not entirely dependent on the Peeitenirsry of undissociated 
molecules, since in their studies with potato tuber discs a change of 
pH from 4.5 to 5.5 reduced picloram absorption by a factor of only 3.2 
whereas the availability of the undissociated acid was reduced by a 


factor of 9.8. Baur and his colleagues (6, 97) have suggested that 
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the uptake of picloram occurs in part via an unstable accumulation 
mechanism similar to that proposed by Saunders et al. (82) and Venis 
and Blackman (103, 104) for other auxinic herbicides. The uptake of 
picloram was related to the availability of quaternary ammonium binding 
sites provided by membrane phosphatides. Reduced absorption at pH 5.5 
was attributed to increased enzymatic degradation of binding sites 


by an enzyme, phospholipase D, which shows maximum activity at pH Bie. 
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MATERIALS AND METHODS 


Plant. Culture 


Alfalfa seeds (Medtcago sattva L. cv. Ladak) were germinated 
on moist filter paper in the dark at 25°C. After five days, the 
seed coats were removed and the seedlings were suspended from 
perforated aluminum foil with the radicles protruding into half 
strength Hoagland No. 2 nutrient solution (41). The seedlings were 
placed in a growth chamber under a 10 hr light/14 hr dark regime. 
Light intensity at plant level was 13,000 to 15,000 lux from a mixture 
of fluorescent and incandescent lamps. Day temperature was 21°C 
while night temperature was 20°C. Relative humidity was maintained 
between 70 and 80 per cent. After the primary leaf emerged, healthy 
plants were individually transferred to 20 ml vials covered with 
aluminum foil. The nutrient solution was replenished every two to 
three days. When the third trifoliolate leaf had fully expanded, 
uniform plants (three weeks old) were selected for treatment. 


Roots and shoots weighed approximately 160 and 300 mg, respectively. 


Barley seeds (Hordewn vulgare L. cv. Parkland) were germinated 
in moist vermiculite in the dark at 25°C. After six days, the 
vermiculite was carefully washed from the roots and the seedlings 
were individually transferred to foil-wrapped vials containing half 
strength Hoagland No. 1 nutrient solution (41) modified according 


to the following recipe: 
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Stock Solutions Volume/L 
1M KH, PO, 2amile 
1M KNO, 2 ml 
IM Ca(NO,), 3 ml 
1M MgSO, 2 ml 
Versonal FL Oo mil 
Micronutrients 1 ml 
Na, SiO. .9H,0 (101...43'\2/1) 1 ml 


The seedlings were placed in a growth chamber under conditions 
identical to those previously described for alfalfa. When the 
second leaf had fully emerged, uniform plants (two weeks old) were 
selected for treatment. Roots generally weighed about 250 mg 


whereas shoots weighed approximately 380 mg. 


_ Experimental Procedures 


Unless specified otherwise, the materials and methods described 


herein applied to all experiments. 


tet Al: 
The radioactive 4-amino-3,5,6-trichloropicolinic acid ( sel 
picloram) was labelled in the carboxyl position and had a specific 


14 


activity of 1.03 mc/mM (4.25 uc/mg). Both the ~ C-picloram and the 
analytical grade picloram (99% pure) used for preparation of unlabelled 
herbicide solutions were gifts from Dow Chemical Co., Inc. Stock 
solutions of BO eter a were prepared by dissolving the acid in 

95% ethanol. Treatment solutions (0.1 uc/10m1) were prepared by 


adding Sean stock solution to half strength nutrient solution. 


The pH of the treatment solutions was adjusted with 0.5 N H,SO, or 
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0.5 'N KOH. In all investigations but one, the initial pH of the 
treatment solutions was adjusted to 4.5 for alfalfa and 6.8 for 
barley. Roots were treated in 10 ml of solution except in time 


course studies in which case they were treated en masse in 100 ml. 


Each treatment comprised three plants, each of which was con- 
sidered to be one replicate. Experiments were repeated up to four 


times and were conducted separately for alfalfa and barley. 


Plants were treated in a growth cabinet under the following 
conditions: light intensity, 12,900 lux; root temperature (water 
bath), 23°C; air temperature 2141°C; relative humidity, 55-60 per 
cent. Other than in time course studies, in which plants were har- 
vested after 1/2, 1, 2514.08, and 12) hr; plants were generally 
exposed to treatment solution for 4 hr. In metabolic inhibitor 
studies pUikatee eee (DNP), sodium azide (NaN,), cycloheximide, 
and chloramphenicol were dissolved directly in the treatment solution. 
Oligomycin was first dissolved in 95% ethanol. In other experiments 
adenosine-5-diphosphate, monosodium salt (ADP); adenosine-5-triphos- 
phate, disodium salt (ATP); succinate and sucrose were similarly 


dissolved directly in the treatment solution. 


At the end of a treatment period roots were thoroughly rinsed in 
tap water and gently blotted dry. For radioassay by liquid scintilla- 
tion spectrometry, roots and shoots were digested according to a 
method described by Reid and Hurtt (77). A mixture of 0.2 ml of 
60% HC1O/, a:eG & ml OF S07 H,0. was added to scintillation vials 


containing the tissue, after which the vials were tightly sealed 
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and placed in an oven at 80°C for 2 hr. After the digested tissue 
cooled to room temperature, 18 ml of scintillation cocktail (1 part 
2-ethoxyethanol, 2 parts toluene (v/v), 6 g/L 2,5-diphenyloxazole) 
were added to each vial. Samples were counted for ten minutes each, 
either in a Nuclear Chicago Mark I or a Beckman LS-200B liquid 
scintillation Spee emomcter: Sample counts were corrected for 
efficiency by a channels ratio method and expressed as dpm per root 
or shoot. The sum of the activity in a given root plus that in the 
corresponding shoot was expressed as total dpm per plant. Data 
presented in tabular or graphical form are means of three replicates 


from a single representative experiment. 


Autoradiographic investigations were carried out according to 
the methods described by Crafts and Yamaguchi (21). Plants were 
mounted on cardboard, rapidly frozen with crushed dry ice, and 
placed in a freeze-drier for two to three weeks. The freeze-dried 
plants were covered with Saran wrap and exposed to Kodak Blue Brand 
medical x-ray film for three weeks. The films were developed in 
Kodak Liquid X-ray Developer at 20°C for two and one-half minutes 


and fixed for ten minutes or longer in Kodak fixer. 


Microautoradiographic Studies 


Roots were treated under the conditions described in the 
; p - : ; 14 : ; 
previous section. Autoradiographic localization of C-picloram in 
roots was attempted using methods described by Gorham and his 
14 : ; 
associates for localization of C-labelled sugars in various plant 


tissues (70,101,108). Pieces 4 to 5 mm in length were excised from 
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treated roots and immediately frozen in an isopentane bath (-150°C) 
surrounded with liquid nitrogen. Segments, 1 to 2 mm in length, were 
cut. from the frozen pieces with a scalpel and transferred to aluminum 
foil boats containing degassed paraffin (Fisher Tissuemat, melting 
point 56.6°C). The foil boats, packed in crushed dry ice, were then 
transferred to a Virtis 10-PR Preservator containing 20 g of chemical 
dessicant (phosphorus pentoxide). The frozen pieces were lyophilized 


for three /to five days at -35°C. 


The segments were infiltrated for two to three weeks in a vacuum 
oven and were centered in the paraffin block under an infrared light. 
Sections 10 yp thick were cut on a rotary microtome. To Bod 
excessive spoptat Fo during sectioning, the blocks were chilled 


in a downdraft from dry ice. 


The sections were mounted on Kodak Nuclear Track Plates, Type 
NTB 2(10 u emulsion thickness) and exposed for eight weeks at -20°C 
in light-tight slide boxes. The paraffin was removed from the sec- 
tions by carefully immersing the plates in re-distilled xylene, after 
which they were gently dried under a stream of warm air. The ind croO— 
autoradiographs were developed in Kodak D-19 Developer for ten 
minutes at 20°C, rinsed in running water for ten minutes, fixed in 
Kodak fixer for four minutes, washed in running water for another 
thirty minutes and finally dried slowly in a ever nce atmosphere. 
All dark-room procedures were carried out under a Kodak Safelight 


Filter No. 2. Sections were examined under a light microscope. 
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RESULTS 


The Influence of pH 


Total uptake of picloram by both alfalfa and barley decreased as 
the pH of the treatment solution was increased. The data plotted in 
Figure 1 show that an increase in pH from 3.0 to 4.5 was accompanied 
by a drastic reduction in the amount of picloram absorbed, whereas 
in the pH range 4.5 to 7.0 little or no further reduction was recorded 
in the amount absorbed by alfalfa pyanee and only a slight reduction 
was observed in the amount taken up by barley plants. Total absorption 
at pH 3.0 was approximately three times that at pH 4.5. The pK of the 
acid is reported to be either 3.6 (97) or 4.1 (45), hence the un- 
dissociated form of the molecule may be more readily absorbed than 
the anionic form. These results confirm earlier work that uptake of 
picloram and other weak acid growth regulators is dependent on the 
pH of the external medium and support the contention that uptake is 
partially @pendent on 5 availability of undissociated molecules 


(45, 97-71 1O). 


Uptake over Time 


Figures 2 and 3 give data on the uptake of picloram over time 
by whole plants, intact roots and excised roots of alfalfa and barley 
plants, respectively. Both species had similar absorption patterns, 
consisting of an initial phase of rapid uptake followed by a brief 
lag period and then a prolonged phase of continuing absorption. The 


rate of uptake by whole alfalfa plants tended to diminish as time 
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Figure 1. The influence of pH on uptake of 


14 e-picloram 


by intact roots of alfalfa and barley plants. Results 


are expressed as dpm per plant. 
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Figure 2. Time-course of uptake of 14 -gicloram by 


intact and excised roots of alfalfa plants. Results are 


expressed as dpm per root or plant. 
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Figure 3. Time-course of uptake of ace picloran by 
intact and excised roots of alfalfa plants. Results are 


expressed as dpm per root or plant. 
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progressed whereas the rate of uptake by barley plants remained es- 
sentially constant for the duration of the 12-hour treatment period. 
These time curves are similar to those observed by Poole and 

Thimann (72) for uptake of IAA by Avena coleoptile sections, and 
support the view that uptake of picloram and numerous other herbicides 
occurs in two separate phases: a rapid initial phase of uptake 
followed by a continuing phase of absorption which is generally linear 


with time over longer periods (45, 50, 63, 72, 79). 


After 12 hr, whole alfalfa and barley plants had taken up 
essentially equal amounts of picloram (alfalfa, 8,125 dpm; barley, 
7,733 dpm). The amount which accumulated in intact alfalfa roots 
(4,253 dpm), however, was more than twelve times that which accumulated 
in intact barley roots (354 dpm) of nearly equivalent mass. Quite 
obviously, the amount of picloram in alfalfa roots accounted for a 


greater proportion of total uptake than that in barley roots. 


Accumulation in both intact and excised alfalfa roots continued 
throughout the 12-hour treatment period. In barley roots, picloram con- 
tent reached a maximum after 4 to 6 hr and then remained constant. In the 
first hour, alfalfa roots accumulated approximately one-fifth and 
barley roots approximately one-half of the picloram present in the 
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Accumulation in excised alfalfa roots was considerably less than 
in intact roots whereas accumulation in excised barley roots and in 
roots of whole plants did not differ significantly. Accumulation of 


picloram in alfalfa roots, but not in barley roots, appeared to be 
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directly affected by the presence of shoots. 


Autoradiograms showing the relative amount of uptake and the 
distribution of picloram absorbed by roots over time are presented 
in Figures 4 whic for alfalfa and barley plants, respectively. The 
autoradiographic results are consistent with the data presented in 
Breuces 2 and 35/> initial uptake of picloram by roots of alfalfa and 
barley plants was very rapid. Within 1 hr picloram was apparent 
throughout the root system of both species. Quantitatively, the amount 
taken up by alfalfa roots was, however, considerably more than the 
amount absorbed by barley roots. In alfalfa roots, accumulation was 
most evident in the root tips. Scott and Morris (84) reported a 
similar accumulation of labelled picloram in root tips of pea seedlings 
treated in culture solution. Autoradiograms of barley roots, on the 


other hand, showed a more general distribution of picloram. 


After 4 hr, an appreciable amount of picloram was transported to 
alfalfa shoots, concentrating primarily in the rapidly developing leaves 
and shoot apex. As time progressed, picloram continued to be absorbed 
and, at the end of 12 hr, it was uniformly distributed throughout the 
plants. In barley plants transport to the shoots was first apparent 
after 2 hr. As in alfalfa plants, picloram continued to accumulate 
in the shoots, primarily in the newer leaves. Although absorption 
continued for the duration of the experiment, little more picloram 


accumulated in the roots than what was present after the first hour. 


Retention in Roots 


To determine the amount of picloram retained in roots of intact 
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Figure 4. Autoradiograms showing the distribution of Lee peter 
in alfalfa plants treated for 1/2, 14.92.04. 76, andal2y hired ae LOCmm 0: 
nutrient solution containing 1.0 uc of Lice ate la ront Plants were 


exposed to X-ray film for 3 weeks. . 
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Figure 5. Autoradiograms showing the distribution of te pielanae 
in barley plants. treated for 7/2, 1,425 "4. 8. ands |Join hOOemimee 
nutrient solution containing 1.0 uc of BiCandelorant Plants were 


exposed to X-ray film for 3 weeks. 
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plants over time, plants were first placed in i ae mee treatment 
solution for 4 hr and then transferred to unlabelled nutrient solution 
for:l, 2, 4, 8, 12, and 24 hr. Figure 6 shows that picloram was 

rapidly transported from the roots to the shoots and/or lost from the 
roots to the external solution. Only 25% of that which accumulated in 
alfalfa roots in the 4-hour treatment period was retained after transfer 
to the unlabelled solution for 4 hr. The amount retained after 24 hr was 
just 15% of that initially present in the roots. These results are in 
close agreement with those of Scott and Morris (84) who reported that 
only 15% of the picloram initially present in roots of pea seedlings 
treated under conditions similar to those of the present study remained 
after transfer to unlabelled medium for 24 hr. The amount retained in 
barley roots after 2 hr in the unlabelled solution was approximately 

40% of that which initially accumulated in the 4-hour treatment 

period. No further reduction in the amount retained by barley roots 

was observed over the remainder of the 24-hour incubation in unlabelled 


solution. The picloram retained 24 hr after treatment was evidently 


tenaciously bound in the roots. 


Autoradiograms in Figure 7 and 8 of alfalfa and barley plants, 
respectively, agree with the results presented in Figure 6, and confirm 
that picloram is rapidly lost from the roots of both species upon 
transfer from treatment solution to unlabelled nutrient solution. 
Within 1 hr all of the picloram initially present in barley roots 
and much of what was apparent in alfalfa roots was no longer evident. 
Substantial amounts of picloram were, however, retained in alfalfa 


root tips. No picloram was detected in roots of either species at 


themendaO tom lite. 
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Figure 6. Time-course of the retention of igeoie lore 
in roots of treated alfalfa and barley plants. Plants were 
incubated in 30 ml of unlabelled nutrient solution following 
treatment for 4 hr in 100 ml of nutrient solution containing 
LONE rok a Geate torent Results are expressed as dpm per root 


(left axis) and as percentage of the amount present immediately 


after treatment (right axis). 
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Figure 7. Autoradiograms showing the distribution of TA Copiclerse 
in alfalfa» plants 0, 1; 2, 4, &, and J2 hr following treatment for 
4 hr in LOOML of nutrient solution containing 170 ac vot tC pletonaae 


Plants were exposed to X-ray film for 3 weeks. 
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Figure 8. Autoradiograms showing the distribution of 


Gia cies 


in barley plants:0, 1, 2, 4, 8, and 12 iy followlne Treatment, tor 


4 hr in 100 ml of nutrient solution containing 1.0 uc of 


Plants were exposed to X-ray film for 3 weeks. 
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To ascertain whether some of the picloram taken up during the 
initial rapid phase of absorption is contained in the free space of 
the root and whether any is held in an exchangeable form within the 
root, plants teed exposed to a 10 uM teens Suerad solutienetfors2 hr 


prior to incubation in 0, 10, 50 uM unlabelled picloram solutions for 


1/4, 1/2 and 1 hr. 


The data presented in Table 1 show that intact roots of alfalfa 
and barley plants lost about one-half of the picloram which accumulated 
in the 2-hour exposure to treatment Solution after only 15 minutes in 
unlabelled nutrient solution. Loss of picloram continued for the 
duration of the experiment. At the end of 1 hr, only one-sixth of the 
amount initially present in alfalfa roots was retained whereas approxi- 
mately one-quarter of the amount initially present in barley roots 
remained. The loss from alfalfa roots was accompanied by a reduction 
in the total picloram retained in whole plants, suggesting a movement 
of the compound out of the roots into the external solution. Even 
though the amount of picloram in barley roots was significantly 
decreased after 1 hr in unlabelled nutrient solution, total picloram 
in the whole plants did not appear to be reduced. Variability between 
replicates and the fact that the roots of barley plants eawiay 
contained only one-eighth of the total picloram in a plant could have 


masked an actual loss to the external solution. 


The fraction of picloram retained in roots after 1 hr was 


considerably less in these experiments than in the results reported in 


Figure 6. Since the uptake period was only half as long, less picloram 


was present in the roots upon transfer to the unlabelled solutions. 
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TABLE 1 


Loss of Ea ey tcoven from intact roots of 
alfalfa and barley plants incubated for 1/4, 1/2 and 1 hr 
in nutrient solution containing unlabelled 


prchoran CO, "20 50 uM)@ 
Ne a ee a he ee 


unlabelled picloram concentration 
i ee ee 
Time O uM 10 uM 50 uM 


Pelwalt a 


0 4,248 a 6,954 4,248 a 6,954 4,248 a 6,954 
1/4 PaeP alo lee 4. 4,450 L507 be 3,474 L004 “be \3,,6790 
1/2 1,480 ed: = 4,992 L;228-— “cde 4, 330 15296 cde 4,496 

1 686 e 3,282 810 de 3,500 L013 .cdessyocs 

Barley 

0 245 a 1,500 245 a 1,500 245 a 1,500 
1/4 132 ab Lyo52 139 ab L556Z 136 ab Look 
aby 127 ab E07 122 ab Le SLS 104 b 1,685 

1 69 «b 1,667 Joeeb 1,234 47 b 1,296 


“Plants were exposed to 10 ml of treatment solution for 2 hr prior to 


incubation in 100 ml of unlabelled solution. 


Recccdes are expressed as dpm per root or plant. Data presented are 


means of 3 replicates. Means followed by the same letter are not 


significantly different from one another at the 5% level of 


probability as determined by Duncan's new multiple range test. 
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Presumably, over a longer treatment period a greater proportion of the 
picloram absorbed is irreversibly taken up by the root and cannot be 


released. 


The loss of picloram to unlabelled picloram solution was not 
significantly greater than loss to nutrient solution. A tendency 
toward a somewhat greater loss of picloram to solutions containing 
unlabelled picloram was nevertheless apparent, particularly from barley 
roots. Although a large proportion of the picloram initially present 
in the root appeared to be able to freely diffuse out of the free space, 
a small amount may have been adsorbed in an exchangeable form within 


the root. 


The Effect of External Picloram Concentration 


If uptake mechanisms are under metabolic control or if adsorption 
is a principal means of uptake, saturation kinetics would be expected 
to hold over a wide range of external picloram concentration. If, on 
the other hand, absorption occurs by passive processes such as 


diffusion or mass flow, a direct proportionality would exist. 


The data presented in Table 2 show that total picloram uptake 
from solutions ranging from 0.5 to 20 uM was directly proportional to 


the external concentration over 1/2 and 4-hour treatment periods. 


A linear relationship between total uptake and picloram concentra-~ 
tion in the treatment solution over a 1/2-hour period may indicate 
that passive processes are involved in the initial phase of absorption. 


Indeed, Isensee et al. (45) observed that picloram absorption by oat 
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TABLE 2 


The effect of external concentration on uptake of 
14 , : 
C-picloram by intact roots of alfalfa and barley plants 


during 1/2 and 4-hr treatment periods 


Se SS a ee ey ee er oe 


e/a tir; 4 hr 
ee er Root Total Root Total 
the dpm dpm dpm _dpm 
Alfalfa 

Ou 45 oy, 240 586 

1.0 110 134 716 1,489 
oe) SA 603 ee 6,188 
hae) 1,104 Tea 4,473 LORIE 
20.0 sO32 198th 7,684 20 , 630 

Barley 

O5 14 24 56 255 
120 Bp 33 49 268 

5.0 143 nea 133 1,104 
10.0 250 338 782 25740. 
ZOO 638 914 dn, 370 6,155 


"Results are expressed as dpm per root or plant. Data presented are 


means of 3 replicates. 
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and soybean roots treated for 30 or 40 minutes was directly related to 
picloram concentration in the treatment solution, and concluded that 
initial absorption was a passive process governed by concentration and 
diffusion equilibrium. Similar results have been reported for the 
initial entry of other herbicides and growth regulators considered 

to be initially absorbed by passive mechanisms (22, 14, 106). Lack of 
saturation kinetics over a 4-hour treatment period does not, however, 
preclude the possibility that active processes are involved in the 


prolonged phase of continuing picloram absorption. 
The Effect of Metabolic Inhibitors 


If metabolic energy is required to drive ‘active' uptake mechan- 
isms, picloram absorption by roots would be expected to decrease in 
the presence of respiratory inhibitors. To determine the effect of 
the uncoupling agent, DNP, on uptake of picloram by roots of alfalfa 
and barley, intact plants were placed for 4 hr in UAC® >i eloran 


solutions containing various concentrations of DNP. 


The results in Figure 9 indicate that 1 mM DNP markedly inhibited 
uptake by both species. In 4 hr, total uptake of picloram by alfalfa 
and barley plants was only 15% and 25%, respectively, of that taken 


up by plants treated in solution containing no inhibitor. 


Uptake by alfalfa plants was enhanced at 0.01 mM DNP, whereas 
uptake by barley arene was slightly inhibited. At low concentration 


DNP has been shown to stimulate respiration and simultaneously increase 


solute absorption (14, 40, 45, 93). At inhibitory concentrations, DNP 


blocks the synthesis of all high energy compounds and brings about the 
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Figure 9. The effect of various concentrations of DNP on 
uptake of 140 picloram by intact roots of alfalfa and barley 
plants. Results are presented as dpm per root or plant (left 


axis) and as percentage of total uptake by control plants 


(right axis). 
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hydrolysis of any ATP molecules which may have accumulated prior to 
treatment. Christie and Leopold (14) observed that 0.001 mM DNP in- 
creased absorption of IAA by corn coleoptiles whereas higher concen- 


trations markedly inhibited entry of the auxin. 


Sodium azide (NaN,) and oligomycin are considered to be inhibitors 
of oxidative phosphorylation. Neither of the compounds acts as an 
uncoupler and they do not, therefore, promote the hydrolysis of ATP 
and other high energy compounds. Sodium azide is generally thought 
to inhibit electron transfer along the ey eeemaone chain as well as 
inhibit reactions involved in the production of ATP. Oligomycin is 
considered to block one of the terminal steps of the phosphorylation 
sequence, thereby inhibiting the conversion of high energy phosphorylated 
intermediates to ATP. The effect of various concentrations of both 
NaN, and oligomycin on uptake of picloram by roots of alfalfa and 


barley is illustrated in Figure 10. The experiments were conducted 


in a manner similar to that previously described for DNP. 


High concentrations of NaN. markedly decreased picloram absorption 
by both alfalfa and barley plants. Oligomycin inhibited picloram 
absorption by both species at concentrations as low as 2 ppm. Further 
increasing the concentration did not result in a greater reduction in 


the amount of picloram absorbed. 


Sodium azide, like DNP, stimulated uptake at low concentrations. 


This increased absorption may again be attributed to increased 


respiratory activity induced by low concentrations of NaN... Low 


concentrations of NaN, have repeatedly been shown to stimulate the 
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respiration of plant tissues, while high concentrations have been 


shown to depress respiratory metabolism (1, 73). 


Studies similar to those involving respiratory inhibitors were 
conducted with two inhibitors of protein synthesis, cycloheximide 
and chloramphenicol. The results (Figure 11) show that total picloram 
absorption by alfalfa plants was markedly reduced by all concentrations 
of cycloheximide, whereas total absorption by barley was relatively 
unaffected. Chloramphenicol, on the other hand, actually enhanced 
total absorption by alfalfa but inhibited uptake by barley at higher 


concentrations. 


Despite the fact that both cycloheximide and chloramphenicol 
have traditionally been considered specific inhibitors of protein 
synthesis, the inhibitory effect of cycloheximide on uptake of 
picloram by alfalfa and of chloramphenicol on uptake by barley is not 
necessarily attributable to an inhibition of protein synthesis. Indeed, 
Ellis and MacDonald (25) have recently reported that the inhibitory ef- 
fect of both compounds on active ion uptake by plant tissues is mediated 
via interference with energy transfer and Gencive phosphorylation 
processes. The increase in total uptake of picloram by alfalfa plants 


treated in a solution containing chloramphenicol may be analagous to 


similar increases observed in plants treated with low concentrations 
of DNP and NaN... 
From the results of the experiments previously described it was 


apparent that a decrease in total picloram absorption was, in all 


cases, accompanied by a proportional decrease in the relative amount 
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of picloram present in the roots. To substantiate that the effect of 
the inhibitors was actually on the absorptive mechanisms in the roots 
and not on transport processes which could be affected by the shoots, 
both intact and. excised roots were treated for 4 hr in solutions con- 


taining inhibitory concentrations of the compounds. 


The graphs in Figure 12 show that all of the inhibitors except 
chloramphenicol reduced uptake of picloram by both intact plants and 
excised roots of alfalfa. Similarly, all of the inhibitors except 
cycloheximide substantially reduced apeaiee by both intact plants and 
excised roots of barley. These results concur with the results of the 
previous studies and suggest that the effect of metabolic inhibitors is, 
at least in part, on absorptive mechanisms inherently operative in 


roots. 


Figures 13 and 14 show the effect of NaN, on uptake of picloram over 
time by alfalfa and barley plants, respectively. Initial uptake of 
picloram by alfalfa plants was little affected by the inhibitor. At 
the end of one hour, there was no significant difference between the 
amounts absorbed from treatment solution with or without NaN... Con- 
tinuing absorption was greatly affected, however. In the presence 
of NaN, little further total uptake occurred, whereas without the 


inhibitor uptake continued for an extended period. At the end of 


the treatment period, uptake in the presence of inhibitor was only 


one-seventh of that in control plants. Similar trends were evident 


in the amounts accumulated in roots. Uptake was little affected during 


the first hour of absorption whereas prolonged absorption was markedly 


reduced. 
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Figure 12. The effect of DNP (0.1 mM), NaN, (0.5 mM) , 


oligomycin (2 ppm), cycloheximide (0.05 mM), and chloramphenicol 


(0.05 mM) on uptake of 140 _picloram by intact and excised roots 


of alfalfa and barley plants. Results are expressed as dpm per 


root or plant. 
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Figure 14. The effect of NaN, (1.0 mM) on uptake of 


14 ¢_picloram over time by intact roars. of barley plants. 


Results are presented as dpm per root or plant. 
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Initial accumulation in barley roots was not affected by NaN. 
Continuing accumulation was greatly reduced, however, such that at the 
end of the 12-hour treatment period only about one-half as much 
picloram was absorbed in the presence of NaN... The amount of picloram 
accumulated in the roots of barley was not significantly affected by 
NaN. although it was somewhat less than in contrel plants throughout 
the experiment. Initial entry of picloram into roots of both alfalfa 
and barley apparently was controlled by passive processes whereas 


continuing absorption seemingly involved the expenditure of metabolic 


energy. 


The Effect of Temperature 


The data recorded in Table 3 show that throughout the duration of 
the experiments alfalfa and barley plants accumulated more picloram when 
roots were treated at 23°C than when roots were treated at 13°C. 
Temperature coefficients (Qi values) for the first hour of uptake by 
alfalfa plants were less than 1.4 whereas for subsequent absorption 
they were greater than 2.0. Temperature coefficients for uptake by 
barley plants were approximately 1.0 for the first 2 hr of absorption, . 


after which they increased progressively, reaching a value of 6.6 


between 8 and 12 hr. These results suggest that uptake during the 
initial stage of rapid absorption occurs predominantly by physical 


mechanisms and that uptake during the prolonged phase of continuing 


absorption is mediated by metabolically controlled processes. 


The effect of root temperature on translocation was negligible. 


The ratios of the activity in the shoots to that in the roots (S/R), 
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Time 
hr 


Alfalfa 


1/2 


Root 
dpm 


572 
1,066 
1,304 
pei) 
2,410 
3,119 


TABLE 3 


The effect of root temperature on uptake 


Leda aner et by intact roots of alfalfa 


and barley plants over time® 


3% 


Total 
dpm 


699 
1,400 
2,160 
A753 
8,623 

15,530 


S/R 


On 22 
OmsTt 
0.65 
I ee) 
5M 
359% 


0.69 
Lae 
‘es Us; 
0.96 
5Ssks 
14.56 


Root 
dpm 


799 
1,426 
2,241 
2,865 
5,089 
8,947 


ZB. 


Total 
dpm 


984 
2,004 
3,697 
8,803 

19 ,816 
39,294 


S/R 


2) 
- 40 
-94 
Old, 
«39 
«oo 


CRN OOS 


Q10 
Ioyeeull 


1.4 
1.4 
2.0 
Zee 
228 
Zao 
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2Roots were treated en masse in 100 ml of treatment solution at 13° or 


* ° 
23° C (water bath) while air temperature remained at 21 + 1°C. 


DP recults are expressed as dpm per root or plant. 


Cpatio of the activity in the shoots to that in the roots. 
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shown in Table 3, give an indication of the relative transport of picloram 
from roots to shoots. At the end of the 12-hour treatment period, alfalfa 
plants had S/R ratios of 3.97 and 3.39 while barley plants had ratios of 
14.56 and 14.70 at 13° and 23°C, respectively. Obviously a much greater 
Proportion of the total picloram absorbed was transported to barley 


shoots than to alfalfa shoots. 


Accumulation of picloram in barley roots reached a maximum after 
4 hr and then declined sharply, Dee Ree aes in ‘roots treated at 13°C. 
A number of experiments showed this trend and, although the amount ac- 
cumulated at 8 and 12 hr was not always significantly less than that 
after 4 hr, the tendency for barley roots to retain less picloram over 
longer time periods appeared consistently. Since the total amount 
present in the plants continued to increase this reduction.could not be 
attributed to egress from the roots but it could possibly have been 


due to a stimulation in the rate of transport to the shoots. 
The Effect of Succinate, Sucrose and ATP 


Assuming that absorption of picloram by roots is accomplished, at 
least in part, by active energy requiring processes, the presence of 
oxidizable substrates in the culture solution would be expected to 


enhance uptake. The results shown in Table 4 illustrate that sucrose 


stimulated uptake mechanisms in both alfaifa and barley plants. 


Succinate stimulated uptake by barley plants but had little effect on 


picloram absorption by alfalfa. As the concentration of sucrose was 


increased from 5 to 50 mM, uptake by alfalfa progressively increased 


such that at 50 mM concentration the total amount absorbed was 
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TABLE 4 


The effect of various concentrations of succinate 
d ‘ 14 j : 
and sucrose on uptake of G-picloram by intact roots of alfalfa 


and barley plants during a 4-hr treatment period 


Substrate Root a alls Total $s c 
conc., m™ dpm eC den LaG S/R 
Alfalfa 
Control 1,891 100 7,389 a 100 ae) 
Succinate 
5 S22 96 6,244 a 54 2<9 
10 1,786 94 Ger i2 ap 90 Deesse! 
50 1710 90 Sey) et 79 DG 
Sucrose 
5 2 eS 134 7,495 ab 101 1.9 
10 ‘ 3005 174 Seni wx 114 6 
50 3,803 201 10,594 c 143 1.8 
Barley 
Control DE 100 1,500 a 100 Ss) 
Succinate 
is) 346 149 Os) Abe 189 Dee 
10 341 147 240s ape 165 eps 
50 333 144 2,289 ab 152 529 
Sucrose 
5 375 162 4,400 c 293 LO7 
10 362 156 ) 23,648) ibe 243 9.0 
50 SW 195 3200 8abe HALT ( SS) 


“Results are expressed as dpm per root or plant. Data presented are the 
means of 3 replicates. Means followed by the same letter are not 
significantly different from one another at the 5% level of probability 


as determined by Duncan's new multiple range test. 
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“Ratio of the activity in the shoots to that in the roots. 
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approximately one and one-half times the control. Stimulation of uptake 
by barley plants, on the other hand, was greatest at 5 mM and decreased 
as the concentration of sucrose was increased. Similarly, 5 mM succinate 
enhanced uptake the most, although here also, higher concentrations up 

to 50 mM, still resulted in much greater uptake than by control plante: 
Total uptake by barley plants over a 4-hour period was increased 
three-fold in a 5 mM sucrose solution whereas the same concentration 


of succinate induced a two-fold increase. 


The S/R ratios in Table 4 show that the presence of succinate did 
not alter the relative proportion of picloram in the roots and shoots 
of alfalfa. Sucrose, however, tended to reduce the proportion trans- 
ported to the shoot. In barley plants low concentrations of succinate 
slightly promoted both uptake and transport. Similarly, uptake and 
transport were markedly enhanced by low concentrations of sucrose. At 


higher concentrations uptake was stimulated whereas transport was 


unaffected. 


To determine whether plants were able to absorb ATP, roots of 
alfalfa and barley plants were placed in 100 ml of solution containing 
nO WG ore 140_g_arp, The ATP concentration of the treatment solution 


was adjusted to 5 mM with unlabelled ATP. ATP molecules were assumed 


to be absorbed intact. Even if some or all of the ATP was broken down 


prior to entry into the plant, the absorption characteristics of the 
decomposition products would be expected to be essentially the same 


as those of ATP. The amount of radioactivity which was taken up by 


the plants was measured at various intervals and the corresponding 


amount of ATP was calculated in pg (Table Ee & 
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TABLE 5 


Uptake and translocation of ATP 


by intact roots of alfalfa and barley plants over time® 


Time, hr Root Total 
; ug ATPP ug ATP s/R° 
Mlpaiha 
12 5.2 7.5 0.4 
1 9.0 1-8 0.3 
2 14.4 19.4 0.4 
4 DH 0 Bons One 
8 42.9 Ba 0.4 
WD S85); lee” WALT O) 0.4 
Barley 
1/2 5.9 1:0) 2 7 
i Gie2 8.4 
2. 10.4 eS 
4 lei ais} DIRS 
8 De \5 3) DOT, 
1, DE 30%5 OF 


“Roots were placed in 100 ml of solution containing 1.0 wevot 
140_3_arp for 4 hr. Unlabelled ATP was added to the solution to 
increase the concentration to 5 mM. 


pees ties are expressed as wg of ATP per root or plant. Data presented 


are the means of 3 replicates. 
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Uptake of ATP by roots of intact alfalfa and barley plants 
continued for the duration of the 12-hour treatment period. Absorption 
was initially rapid and then proceeded at a nearly constant rate for 
the remainder of the experiment. Alfalfa plants and barley plants 


accumulated 117.0 and 30.5 weg of ATP, respectively, over 12 hours. 


The ATP content of both roots and shoots of alfalfa increased 
proportionately over time, the S/R ratio Vener tie at 0.4. The amount 
of ATP in barley roots, on the other hand, increased over time whereas 
the amount transported to the shoots did not. Indeed, the S/R ratio 
decreased from 0.7 after a 1/2-hour exposure to the labelled solution 


to 0.1 after a 12-hour exposure. 


Uptake of picloram by alfalfa and barley plants was not enhanced 
by the presence of either ADP or ATP in the treatment solution at 
concentrations ranging from 0.1 mM to 5.0 mM (Table 6). The highest 
concentrations of ATP reduced total accumulation of picloram by barley 
plants by nearly 40%. The S/R ratios presented in Table 6 indicate 
that ADP at all concentrations and ATP at the highest concentration 
used did not have any effect on the relative amount of picloram trans- 
ported to the shoots of either alfalfa or barley. ATP at lower 
concentrations slightly depressed transport to alfalfa shoots but 


somewhat enhanced transport to barley shoots. 


Pre-treatment of roots in a 5.0 mM ATP Solution also tailed sto 


stimulate uptake (Table 7). Uptake by barley roots following pre- 


treatment in either ATP or ADP was, in fact, significantly decreased. 
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TABLE 6 
The effect of various concentrations of ADP and ATP 
on uptake and translocation of Tie aticlorant by intact roots of alfalfa 


and barley plants during a 4-hr treatment period 


ae ee nee te ef os A ee. Se 


Root b Total 
C oo thi aan @ x 
ONC. , dpm? tt Gon aC S /R 


Alfalfa 


Control 325 100 3,100 a 100 8.5 
ADP 
0.1 242 74 yan 105 185 
1.0 329 101 3,350 a 108 9.2 
5.0 292 90 3.997 a 104 10.0 
ATP 
oer 4.60 142 VIPI9S4 2 95 5.4 
1.0 463 142 onthe) 104 6.0 
5.0 398 101 3670 105 9.0 
Barley 
Control 151 100 - 975 a 100 5.4 
ADP 
eat 105 70 900 ab 92 116 
D0 176 116 1,000 a 102 4.5 
5.0 123 81 758 ab 77 Bro 
ATP 
ana 101 67 1,031 a 98 86 
10 85 56 845 ab 87 8.9 
5.0 94 62 616 b 63 5.6 


“Results are expressed as dpm per root or plant. Data presented are 
means of 3 replicates. Means followed by eile ale letter are not 
significantly different from one another at the 5% level of 
probability as determined by Duncan's new multiple range test. 
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“Ratio of the activity in the shoots to that in the roots. 
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TABLE 7 


Uptake of Pe a edoean during a 4-hr 
treatment period by intact and excised roots of alfalfa and barley 
plants pretreated with ADP (5 mM) or ATP (5 mM)® 


oes a een ae SS ae a Re Se ae ae nc ete hl Rt ee Ee OS Ly een 


Intact Excised 
Root Total Root 
P 
retreatment dome nae fee 


Pape ee en Oe = | IES oe A I WN OE on Uk te 
Alfalfa 


Control 4,910 14,284 a 48134 


ADP 6,858 18,757 a 4,848 a 

ATP 4,856 i); 192 sa Aeliiiwa 
Barley 

Control 211 762 a . 13 

ADP 55 451 b 79 ab 

ATP 62 459 b 65 b 


"Roots were pretreated for 4 hr in 10 ml of nutrient solution containing 


either ADP or ATP. Pretreatment conditions were identical to 


treatment conditions. 


Eresults are expressed as dpm per root or plant. Data presented are 


means of 3 replicates. Means followed by the same letter are not 


significantly different from one another at the 5% level of 


probability as determined by Duncan's new multiple range test. 
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These results support the view that externally supplied ATP exerts 
an inhibitory effect on the absorptive apparatus of plant cells (42, 102), 
and contradict reports that uptake of picloram and other nutrient ions by 
plant tissues is enhanced in the presence of ATP (32, 44, 87). Pre- 
liminary experiments revealed that the addition of ATP to unbuffered 
nutrient solutions reduced the pH to approximately 3.2, suggesting that 
enhanced uptake in the presence of ATP may be a direct result of lowered 


jolale 


The Effect of Light 


If ‘active' picloram absorption is dependent on the utilization of 
high energy phosphate compounds derived from respiration, limited uptake 
would be expected if carbohydrate reserves in the plants are depleted by 
keeping the plants in the dark prior to and/or during treatment. Uptake 
by plants depleted of carbohydrate reserves might be expected to increase 
if respiratory substrates or ATP are provided in the culture solution. 
The results of experiments designed to show the effect of light and 
various energy sources on picloram uptake by plants exposed to different 
light regimes are given in Figures 15 and 16 for alfalfa and barley 
plants, respectively. Light regimes were divided into a pre-treatment 
period of either 10 hr in the light or 24 hr in the dark and BES 


treatment period either in light or dark. 


Alfalfa plants subjected to the dark both prior to and during 


treatment (D/D) took up less than half as much as plants exposed to any 


of the other light regimes (L/L, b/De D/L). Uptakeiby plants inthe 


three light regimes with at least one light period was the same in each 
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instance. Barley plants illuminated throughout the entire light regime 
(L/L), absorbed significantly more picloram at the 5% level of probability, 
than plants exposed to a period of darkness (L/D, D/L, D/D). Similarly, 
plants which were pre-illuminated but treated in the dark (L/D) took up 
significantly Hits picloram than plants which were not pre-illuminated 
(D/L, D/D). Picloram uptake by plants pretreated in the dark was not 
affected by the presence (D/L) or absence (D/D) of light during the 

uptake period. These results suggest that, in the dark, both alfalfa 

and barley plants become depleted of some readily available substrate 
possibly used in generating high Ae ee: essential for 


picloram absorption. 


Even though transpiration was reduced by dark treatment (the volume 
of treatment solution was measured after the uptake period), absorption 
by alfalfa plants exposed to L/D was as great as by those exposed to 
Ly E. implying that uptake and transpiration were unrelated. Barley 
plants exposed to D/L took up no more picloram than those exposed to 
D/D, suggesting that, as with alfalfa, absorption and transpiration 
were not related. The reduced uptake by plants exposed to L/D compared 
to those exposed to L/L could be attributed to a rapid depletion of 


energy sources in barley plants in the absence of light. 


Although total uptake of picloram by alfalfa plants which received 
no light (D/D) was markedly less than the amount absorbed by plants 
which received full illumination (L/L), accumulation in the roots of 
these plants did not differ appreciably. Conceivably, transport 
processes are more drastically affected by the exclusion of light than 


are root absorption mechanisms. The situation in barley plants may be 
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similar since roots of plants treated under dark conditions (D/D) 
accumulated three times as much picloram as roots of plants which re- 
ceived full illumination (L/L), even though total uptake by plants in 
the dark was only one-third as much as plants in the light. Barley 
plants pretreated in the dark took up no more picloram in the light 
(D/L) than in the dark (D/D), but the proportion of picloram transported 
to the shoots of the former more closely resembled the proportion trans- 
ported to the shoots of plants which received full illumination (L/L). 
Shone and Wood (91) similarly reported that the relative rate of 
simazine movement in barley plants was affected by the light intensity 


during treatment even though total absorption was unaffected. 


Neither succinate, sucrose nor ATP added to the treatment solution 
significantly enhanced total picloram absorption by alfalfa or barley 
plants. ATP did, however, appear to slightly stimulate uptake by 
alfalfa plants in all regimes except L/D. Both sucrose and ATP 
increased the amount absorbed by barley plants exposed to L/D and D/L 
regimes. In plants exposed to D/D, root accumulation increased slightly 
but total uptake was unchanged. Addition of succinate to the treatment 
solution caused a reduction in uptake by alfalfa plants exposed to L/L, 
L/D and D/L regimes and by barley plants exposed to the L/L and L/D 


regimes. 


Plants exposed to different light regimes showed marked variation 
in the total amount of picloram absorbed. Conditions in the plants 
exposed to light either before or during treatment tended to favor 
increased absorption and/or translocation of picloram. Both sucrose 


and ATP appeared to partially substitute for the light requirement of 
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alfalfa. Similarly, ATP appeared to slightly compensate for reduced 
uptake by barley plants kept in the dark. These findings agree with the 
observations of Yamaguchi (110) who reported that plants depleted of 
carbohydrate reserves absorbed less 2,4-D than plants continually 
supplied with respiratory substrates through photosynthetic processes, 
and those of Sutcliffe (96) who stated that uptake of solutes by 
photosynthetic organisms kept in the dark was stimulated by an external 


energy supply. 
; : F : ; 14 ; 
Microautoradiographic Localization of C-Picloram 


A 14 , : 
Attempts to localize C-picloram in the roots of alfalfa and 
barley plants were unsuccessful. No radioactivity was detected in the 
root sections whatever. An evaluation of the methods used in the investi- 


gation subsequently indicated probable reasons for the lack of success. 


Most likely, insufficient egeetelocan was present in a 10 u 
section to visibly darken the autoradiographic plates [20-30 grains per 
25 ne (101)] in an eight-week exposure. As a general rule, thin sections 
should be exposed to Kodak NTB No. 2 autoradiographic plates for a 
period ten times longer than that necessary to obtain a satisfactory 
image of whole tissues using medical X-ray film.* In gross autoradio- 
graphic investigations, X-ray films were exposed for 3 weeks, hence, in 
microautoradiographic studies, NIB plates should have been exposed for 


approximately 30 weeks. To decrease the exposure time, radiolabelled 


picloram with a much higher specific activity would have been required. 


1 : : 
A distinct possibility also exists that the Cen ictosan which 


*kDr. P. R. Gorham - Personal Communication 
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accumulated in the roots was displaced during the infiltration process. 
The solubility of picloram in paraffin is unknown, however, the 
compound is known to be sparingly soluble in organic solvents such as 
benzene (200 ppm) and diethyl ether (1,200 ppm). Since the root 
segments were in molten paraffin for two to three weeks, the ice 
picloram initially present in the root could well have diffused out. 
Alternative procedures described by Fisher and Housley (29) and others 


(80, 81) for autoradiography of diffusible substances may have provided 


better results. 
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DISCUSSION AND CONCLUSIONS 


Although explanations concerning the outcome of particular 
experiments were given in the previous section, the results must be 


examined collectively in order to draw meaningful conclusions. 


At pH values less than the pK of picloram, uptake of the acid was 
substantially increased (Figure 1). Taree cd absorption of 2,4-D at 
low pH has been attributed to the fact that unionized, uncharged 
molecules approach the negatively charged cellulosic and cell membrane 
surfaces more readily than do the negatively charged dissociated ions 
(22, 110). Isensee et al. (45) contended that picloram, like 2,4-D, 
is preferentially absorbed in the undissociated molecular form. Such 
a contention presupposes that the undissociated molecules. pass through 
the lipid-rich portions of the plasmalemma. Recent evidence, however, 
indicated that the uptake of organic acids occurs chiefly in the anionic 
form through hydrophilic regions of the limiting membrane (46). Un- 
doubtedly, at pH values normally encountered in the soil, uptake of 


picloram is confined largely to the anionic form. 


The upper limit of the physiological range of Ht-ion concentration 
is considered to be approximately Thee The possibility that enhanced 
beeaea at higher concentrations may have been due to an alteration of 
the metabolic activity or structural integrity of the root cannot be 
precluded. The decline in uptake as pH was increased actually may have 
been due to changes in the ionization of absorptive root surfaces 


rather than in the availability of the undissociated molecules. 
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The results of the present study cast doubt on the conclusion drawn 
by Baur and Bovey (5) that a large decrease in picloram uptake at high 
pH values can be Baha to the degradation of binding sites by the 
enzyme phospholipase D, which shows maximum activity at pH 5.5. If 
phopholipase D has an effect on uptake mechanisms, increased absorption 
would be expected at pH values greater than 5.5 since the optimal pH 
for enzyme activity would be surpassed. Uptake at pil.7 0 Was, ine fact , 
essentially the same as at pH 5.5 (Figure 1). Furthermore, instability 
of absorptive sites at pH values normally considered favorable for 


plant growth seems highly unlikely. 


Autoradiographic studies showed that picloram was rapidly absorbed 
from culture solution by roots of both alfalfa and barley plants. 
Alfalfa root tips tended to accumulate more picloram than did other 
regions of the root, whereas barley roots accumulated essentially the 
Same amount throughout. On the one hand, picloram may have been prefer- 
entially absorbed by alfalfa root tips. On the other hand, transport 
away from the tips may have been restricted for lack of sufficiently 
developed xylem vessels. Alternatively, a certain amount of picloram 
taken up by other portions of the root may have been transported to 
the actively growing root apices. Accumulation of dicamba, another 
auxinic herbicide, in root tips of Tartary buckwheat plants following 
foliar application, and basipetal movement of 2,4-D in barley roots 


have been reported (12, 22). 


Translocation of root-absorbed picloram to alfalfa and barley 
shoots also was very rapid. Substantial amounts of the herbicide were 


transported to the shoots within 2 to 4 hr, accumulating predominantly 
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in the meristematic regions. These results are consistant with the 
findings of Reid and Hurtt (78) who observed preferential accumulation 
of root-absorbed picloram in the apical regions of bean shoots. Chang 
(12) noted a similar distribution of dicamba in Tartary buckwheat 
plants following root uptake. Appreciable amounts of picloram may 
first be transported to the mature leaves via the xylem vessels, 
whereupon it is readily redistributed to the assimilate stream and 


ultimately concentrated in the meristematic regions. 


Under similar treatment conditions, the total amount of picloram 
taken up by alfalfa plants was generally much greater than the amount 
absorbed by barley plants of nearly equivalent mass. Conceivably, 
differential absorption partly accounts for the difference in the 
inherent susceptibility of alfalfa (very sensitive) and barley 


(resistant) to picloram. 


Time course studies of picloram uptake from culture solution by 
roots of alfalfa and barley plants indicated that absorption occurs in 
two separate phases, an initial phase of rapid uptake followed by a 
brief lag period and a phase of continuing absorption over an extended 
period. Initial uptake of picloram by roots of both species seems to 
be governed by passive processes, whereas continuing absorption appears 
to be controlled, at least in part, by active mechanisms. The lag 
period conceivably represents the interval between the time a physical 


equilibrium is attained in the roots and the initiation of metabolically 


mediated uptake processes. 


Initial entry of picloram into roots appears to be largely by 
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diffusion, although a small amount may be adsorbed in an exchangeable 
form within the root. The rapid release of a large portion of picloram 
in roots following transfer from the uptake solution to unlabelled 
nutrient solution (Figure 6, Table 1) substantiates this conclusion. 
Presumably, picloram simply diffused out of the intercellular spaces 

of the root cortical tissue. That which remained in the roots for 
periods exceeding 4 hr was either tenacicusly bound in a non-exchangeable 
form or retained behind a physiological barrier pending transport to 

the shoots. In this respect picloram uptake is not analogous to ab- 
sorption of 2,4-D, a large proportion of which is adsorbed in an 


exchangeable fraction in roots, particularly on the epidermis (22, 50). 


Although a hyberbolic relationship between uptake and external 
concentration has frequently been considered indicative of either 
physical adsorption to non-specific binding sites or active absorption 
by carrier-mediated processes, the absence of such a relationship does 
not obviate the possibility that one or the other or both of the mech- 
anisms are operative. Concentrations of picloram necessary to saturate 
adsorptive sites may be considerably greater than 20 uM, the highest 
concentration used in this investigation. Indeed, Glass and Bohm (35) 
showed that saturation kinetics were not apparent for uptake of 
arbutin, a simple phenolic compound, by barley roots until concentrations 


in the external solution exceeded 5 mM. 


Time course studies of picloram absorption in the presence of 
an inhibitor (1 m™ NaN.) showed that active uptake mechanisms were 
operative in alfalfa roots after 1 hr and in barley roots after 2 hr 


in treatment solution (Figures 13 and 14). Qi values greater than 
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2 were recorded for the uptake of picloram over longer periods (Table 3), 
further establishing that metabolic processes are involved in the phase 


of continuing absorption. 


The metabolic component of uptake was either depressed or eliminated 
by a number of respiratory inhibitors including DNP, NaN, and oligomycin 
(Figures 9 and 10). Increasing concentrations of all three inhibitors 
had the same effect, namely reducing picloram uptake by both alfalfa 
and barley plants. DNP was most effective, followed by NaN. and 
oligomycin, respectively. Differences between the effects of the 
inhibitors on uptake of picloram can be attributed, at least in part, 
to the properties of the inhibitor. In the presence of DNP at inhibi- 
tory concentrations, the hydrolysis of high energy compounds is 
promoted and the synthesis of ATP abolished. Sodium azide, on the 
other hand, inhibits phosphorylation but does not bring about the 


hydrolysis of ATP. Oligomycin inhibits only the conversion of high 


energy intermediates to ATP. 


Decidedly, respiration is essential for the active uptake of 
picloram into roots through the production of high energy phosphate 
molecules such as ATP which are capable of driving active uptake 
mechanisms. Greater absorption of picloram in the presence of NaN, 
or oligomycin than in the presence of DNP can be attributed to utiliza- 
tion of 'residual' ATP which was sufficient to sustain active uptake 
for a time after the plants were placed in the treatment solution. 
Furthermore, uptake processes apparently can be driven by high energy 
compounds other than ATP since uptake was greater in the presence of 


oligomycin than in the presence of NaN... Uptake does not appear to 
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be linked to electron transport processes since NaN, was less effective 
than DNP in inhibiting uptake. Active absorption of picloram is most 
probably directly affiliated with the utilization of high energy com- 
pounds which are the products of oxidative phosphorylation. A greater 
decrease in picloram uptake by alfalfa plants than by barley plants 
exposed to 1 mM DNP in the concentration series (Figure 9) and to 

1 m™ NaN, in the time course studies (Figures 13 and 14) suggests that 


absorption by the former is more dependent on a supply of metabolic 


energy than that by the latter. 


The differential effect of cycloheximide and chloramphenicol on 
uptake of picloram by alfalfa and barley plants cannot be explained 
readily. The dissimilar response to increasing concentrations of the 
inhibitors suggests, however, that different respiratory pathways may 
exist in the roots of the two species. Increased total uptake of 
picloram by alfalfa plants in the presence of chloramphenicol 
(Figure 11) may be analogous to similar increases observed in plants 


exposed to low concentrations of DNP and NaN, (Figures 9 and 10). 


3 
Although total uptake was doubled in 5 mM chloramphenicol solution, 


the amount transported to the shoots was approximately the same as 


in control, plants. 


Reduced picloram absorption by alfalfa plants which were kept 
in the dark both prior to and during treatment and barley plants kept 
in the dark either prior to or during treatment indicated a close link 
between picloram uptake and photosynthetic reactions. Presumably, 
enhanced uptake and transport of picloram were effected through 


mechanisms which are dependent on energy derived from carbohydrates 
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and other energy substrates formed during photosynthesis. 


The effect of sucrose added to the treatment solution was to 
greatly increase total picloram absorption by both alfalfa and barley 
plants ans ee experiments in which plants were exposed to different 
light regimes, in which case reduced absorption may have been due to 
an osmotic imbalance created by a rather high sucrose concentration 
(50 mM) in the external solution. Under natural conditions, sucrose 
is widely distributed in plants and, in most instances, is the principal 
form in which carbohydrates are CPandts cated? merece io, tien, 2 
readily available substrate for respiration. Its breakdown in the 
glycolytic pathway and Krebs' tricarboxylic acid (TCA) cycle yields 


large quantities of ATP which more than likely drive uptake mechanisms. 


Succinate, an organic acid constituent of the TCA cycle, enhanced 
uptake by barley plants but had little effect on absorption by alfalfa 
plants except in the light regime studies, in which succinate depressed 
uptake by both species. Increased uptake could be attributed to in- 
creased synthesis of ATP as a result of increased availability of 
succinate. Current evidence, however, suggests that succinate may 
have a more direct effect on the permeability status of cell mem- 
branes (46). Enhanced uptake by barley roots at low succinate con- 
centrations (5 mM) and depressed uptake by alfalfa and barley roots 
at high concentrations (50 mM) may be related to changes in membrane 


permeability. 


Neither pretreatment of roots with ATP nor addition of ATP to 
the treatment solution significantly stimulated absorption of picloram 


by alfalfa or barley plants. Uptake by barley roots was, in fact, 


snares th hel buegans nad, wailngy aunt ue ea 

a> Sn8 foe at vs " wk mid peer _— pee yi ; ale a 
ual jorIesnan aay aia ite ay reed wrtuabs ae re 

tits 5x1 cio kiéhnos’ fe ite +; Hn ‘abi alga, owe'egua! il, 


fnyioalte gyi oh eat iad ine, eT mi bok: tet at tna 
i wold” e (ter ro . \hwgne a " si" Sine Pecrenae: 


ate, sho 


nialy Stave LAST) bine Liang ‘oul tb vies 2 
ane Lidipaas. al ra ae? gia reer ysl i Ai hie 


ci 
1 


(a 
* a 


peagane’ el ovodsl? HYD) Vb anenka Lg ath, é 
rn 4 4  - 


elite wl mol Nerade notes Seto noe 
Maths vi pol dy p= ri at | oailat His ren . 
; ’ - 7 me. / i a a, i Mm) a 
Lidice? rey nye i =, Ate onta al x a aet iy wae q ‘ng at 
ee ee vo eI hectare oe Pst rf 
hd WistedrLbevG ‘et pity fo didewts a ier casey: r 


+ 


eae ee ee roel ‘warts Siow os i 
f y s i iy 4S 

ee? i ion, 8 eee ait Hd, ane "te my py = ita LY gah onus sl aed 
ame ue Sanh insye WAL’ SA i var ) at siti Ini By ae 


- : . = vel ted a oe ee ‘ ¢ sso Gy iio’ =, Hw (Ws P dichaecsnagi hue 


" ; ohasinalis Bh SaGNpGe Sr Her ele + od your Ct Oe) pd cnet gel a: 


; 


Alt ‘os "4 ce eee | _ wantinabang. one 


‘ FA Ms 5 : | i ; . | ; Ee 
| ) ST? ty (fy Jesit er" > ‘A ir 4 i i, 


WSU” 1S JaiehipeiSes 


po Wwisavedds BTA ekse VipgestMihaln gy 2dptae 
: ; ® a 


a : ~_ i : et : 
oF “MEDOD re {1.4 ai eierch ~~. @Ferel F ver! hon 
‘ os } = 7 : 


i E "I 
2 eo 


75 


markedly depressed. These results contrast with findings reported 
elsewhere that uptake of picloram by soybean hypocotyl and barley 
coleoptile sections was wee doubled in the presence of 4 m™ 

ATP (86). Increased uptake which has been attributed to the influence 
of ATP on uptake mechanisms may actually have been due to a high Ht-ion 
concentration in inadequately buffered solutions. Preliminary experi- 
ments revealed that a substantial increase in picloram uptake was 


brought about by addition of ADP or ATP to unbuffered treatment solutions. 


Inhibition of ion uptake by barley roots in the presence of ATP 
has been attributed to reduced activity of respiratory chain enzymes 
located in the mitochondria (63). Vakhmistrov and Listova (102) have 
suggested, however, that Peer re applied ATP causes a spatial dis- 
ruption of cell membrane structure in roots. Quite probably, the rather 
large and metabolically active ADP and ATP molecules are unable to pass 
into the cortical cells of the root without interfering with uptake 


mechanisms operating in the plasmalemma. 


In some instances, ATP appeared to slightly stimulate uptake of 
picloram by plants exposed to a dark period either before or during 
treatment. On the basis of the foregoing conclusion, however, it is 
unlikely that ATP actually affected the intracellular metabolism or 


uptake mechanisms located in the plasmalemma. 


The effect of ADP on uptake was essentially the same as the effect 
of ATP. Jacoby (47) has suggested that ATP added to a treatment solu- 
tion is partly decomposed to ADP, and that ADP and ion transport com- 


pete for a common high energy intermediate. That solute uptake and 
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ATP formation are antagonistic seems highly unlikely in view of the fact 
that metabolically mediated uptake processes are generally considered 

to be driven by energy supplied by ATP. Quite likely, the similar 
effects of ADP and ATP can be ascribed to their closely related 


chemical structures. 
Summary 


This investigation has shown that the uptake and translocation of 
picloram by intact roots of alfalfa and barley plants involves a strong 
physical diffusion component as well as associated metabolic processes. 
The relative importance of the two means of entry and of movement 


within plants apparently varies between species. 


Time course studies indicate that alfalfa and barley have similar 
absorption patterns consisting of a rapid initial uptake lasting for 1 
to 2 hr, followed by a slower continuing absorption occurring at a 
nearly constant rate for the duration of a 12-hour uptake ead: The 
pH of the external medium has a marked influence on the amount of 
picloram absorbed during the continuing phase. Total accumulation of 
picloram is markedly greater in alfalfa plants (susceptible) than in 
barley plants (tolerant) of similar mass, which may account, at least 


in part, for the difference in susceptibility of the two species. 


Initial absorption of picloram from culture solution by either 
species is not reduced by respiratory inhibitors and is not temperature- 
dependent, indicating that this phase of absorption involves primarily 
passive processes. Continuing absorption of picloram, on the other 


hand, is temperature-dependent and is drastically reduced by metabolic 
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inhibitors. Uptake during this phase is enhanced by the presence of 


respiratory substrates in the treatment solution. 


The results of inhibitor studies suggest that picloram absorption 
by alfalfa plants is more dependent on a supply of metabolic energy 
than is uptake by barley plants. Both alfalfa and barley plants, 
however, show similar reductions in uptake when they are deprived of 
@ ‘source’ of light, indicating that, in back species, adequate supply 
of carbohydrate reserves is necessary to drive uptake espe tanticy fie 


Externally applied ATP does not stimulate absorption. 
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